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Abstract 
 
The vast development of lithium-ion batteries (LIB) has gained a lot of interest from many 
researchers. The particular improvement of LIB research is that LIB is starting to be used in a 
grid system called battery energy storage system (BESS). This thesis project aims to determine 
what type of LIB is suitable to be used in different grid systems. To choose which type of LIB 
that is suitable for the system, the cycling efficiency and the degradation mechanism of the LIB 
must be studied. Currently, the types of LIB used for BESS are Lithium Iron Phosphate (LFP) 
and Lithium Nickel Manganese Cobalt (NMC). Despite the capability of LFP and NMC, their 
degradation mechanism is still an essential part of the limitation of the BESS. Additionally, the 
degradation of LFP and NMC are affected by temperature and current rate (C-rate) such that 
increasing both parameters will result in higher degradation. The variation of temperature and 
C-rate proves that LFP has superior stability compared to NMC, despite having lower capacity 
than NMC. Therefore, it can be concluded that LFP is more suitable for a high cycling system 
while NMC is more suitable for system which has high capacity storage as their primary 
concern. 
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1. Introduction 
The high energy density and good recharge capability of lithium-ion batteries (LIB) have driven 
rapid LIB development over the past decades. LIBs are often used in portable electronic 
devices, power electronics, electric vehicles, and for grid-connected energy storage.  
The LIB is typically categorized according to the cathode chemistry. The most common 
chemistries are Lithium Nickel Manganese Cobalt (NMC), Lithium Iron Phosphate (LFP), 
Lithium Manganese Oxide (LMO) and Lithium Cobalt Oxide (LCO). LCO cathodes are 
commonly used for mobile phones, laptops and other digital devices [1], while LFPs and NMCs 
are popularly used for electric vehicles (EV) [2]. Additionally, LFPs and NMCs are currently 
being developed for energy storage of grids such as Battery Energy Storage System (BESS) 
[3]. NMC has the most attractive cathode chemistry as it provides a longer battery life compared 
to other types of LIB, however new battery chemistries are continuously being developed to 
improve the LIB capacity, efficiency and long-term stability. In particular, long-term stabilities 
are crucial for the utilisation of LIB in BESS. The focus of this thesis will be around the long-
term stability of the LIBs.  
Although BESS is not as significant as the current energy storage system (ESS), it is predicted 
that BESS will have a major improvement in the upcoming years due to its unique advantages. 
To increase the performance of BESS, characteristics of LIB are studied further. There are 
several parameters that require fulfilment in order to obtain optimal performance from a BESS. 
The active degradation mechanism is the first to consider when selecting LIB for BESS due to 
its significant effect on battery performance. Despite showing good performance for energy 
storage, LIB degradations have been the main cause of its poor adoption for BESS in Australia. 
Among the factor that could affect the degradation mechanism, temperature is a major factor. 
As stated by the Australia Government Bureau of Meteorology, Australia has a mean 
temperature of 30 °C, which is close to the LIB optimal operating temperature. While this is the 
case, Australia is expecting an increase of  average temperature in the upcoming years, with 
prediction of hotter extremes [4]. This could adversely affect the interest of using LIB as battery 
energy storage system. As the average temperature of Australia increases, the inflation of 
degradation in performance of LIB will occur. Therefore, LIB with a higher stability is 
necessary to be developed to withstand the extreme condition in Australia. 
Due to this reason, LIB degradation studies have become an increasingly important topic. 
Increasing the cycle and calendar life would have a dramatic cost implication for companies 
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interested in purchasing large banks of LIBs. While there are numerous LIB degradation 
mechanisms, only the critical degradation mechanisms that will need to be considered.  
LIB can degrade even when not in use, but this degradation is small compared to the degradation 
which occurs during battery cycling. As such, it is crucial to obtain an understanding LIB 
cycling degradation which in some documentation is referred to as aging on cycling. Based on 
literature findings, LIB degradation not only depends on the battery chemistry, but also the 
condition under which the battery is used. The key controlling parameters of LIB degradation 
are temperature, current density and cut off voltages.   
According to Birkl, et al. [5], the degradation mechanism can be divided into 3 groups - Loss 
of Lithium Inventory (LLI), Loss of Active Material of Negative Electrode (LAMNE) and Loss 
of Active Material of Positive Electrode (LAMPE). 
Most LIBs studies are mainly aimed at their performance for electric vehicle (EV) storage. 
However, as the LIB industry grows, further research is required to understand the LIBs’ 
performance when used in other applications – such as grid-connected energy storage. NMC 
and LFP are the most commonly-used LIBs for grid energy storage. Therefore, this thesis will 
focus on obtaining a deeper understanding of the degradation in these systems. More 
specifically, this thesis will look into the grid-connected LIB services and the impact on battery 
degradation. This work will be supported by conducting an extensive literature review on grid-
connected LIBs and the LIB degradation mechanism. 
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2. Objectives 
The main goal of this thesis project is to understand how different operating condition affect 
the degradation of LIB performance, such that a suitable LIB can be chosen for utilisation in 
multiple grid usage in Australia. To achieve this goal, this thesis is broken into several key 
tasks, which are: 
1. Understand the operation of LIB; 
2. Examine specific chemistry of NMC and LFP batteries; 
3. Understand and review the main services grid-connected LIBs provide; 
4. Review and assess the key degradation mechanisms for LIBs with a focus on NMC and 
LFP batteries; and 
5. Understand the impact of the grid-connected LIB operating conditions on LIB 
degradation.  
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3. Literature Review 
Nowadays, renewable energy has gained increasing interest as an energy supply. The common 
storage system used is called energy storage system (ESS). Due to limitation of ESS technology, 
the development of battery energy storage system (BESS) is starting to rise. BESS, as it is 
named, utilises a rechargeable battery such as LIB for energy storage. This storage system 
currently contributes to 10% of the total of energy storage system share and expected to increase 
to 25% per annum from 2011 to 2021 [5]. Despite holding only, a small share, BESS has a 
massive total battery capacity of about 11 GWh (2017) and predicted to increase to between 
100 GWh and 167 GWh (2030). This increase is caused by strong aspects of BESS which are 
very fast response time, low self-discharge, high efficiency and feasibility of scaling due to 
modular structure [3].  
There are various services of grids such as stationary energy storage and frequency regulator. 
As the name says, frequency regulator functions to control the frequency in a power system. 
Due to the inverse proportionality of frequency and load in the system, any increase in load will 
lead to the slowing down of frequency. Therefore, a certain amount of power burst is needed to 
counteract the frequency variations. These are when BESS are needed because of its fast 
response during under frequency and its ability to store more power during over frequency 
events [6]. In comparison, stationary energy storage only has the amount of energy stored as 
the primary concern, thus the system will need LIB with higher battery capacity. 
According to Hesse, et al. [3], the parameters for LIB selection that will be used in battery 
energy system storage; 
• Safety and maturity on battery cell level; 
• Degradation and aging mechanism; 
• Power capability; 
• Cycling efficiency and self-discharge; 
• Energy contents of the battery cell; and 
• Material and battery cell cost. 
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3.1. Lithium-Ion Battery (LIB) 
Lithium-Ion Battery (LIB) is one of the most popular rechargeable batteries. It is different to 
normal batteries in that the chemical reactions occurring in the rechargeable batteries are 
reversible, this will be explained further in the next section. Lithium (Li) is a light metal with 
the highest electrochemical potential and can produce the highest specific energy for a battery. 
However, the development of lithium batteries is halted due to its safety problems, which is 
why lithium ions are used for rechargeable batteries instead. Compared to lithium metal, lithium 
ion forms a low maintenance battery and is considered safer. In contrast to its lower energy 
density compared to lithium metal, lithium ions’ energy efficiency is significantly higher than 
both nickel-metal hydride batteries [7]. Despite the benefits of lithium ions, LIBs are fragile 
and have active degradation mechanisms, with the latter resulting in decay of battery capacity. 
 
3.1.1. How the Battery Works 
The operation of LIBs is illustrated in Figure 1. 
 
Figure 1 Discharging of LIB [8] 
As a rechargeable battery, LIB experiences two processes: charging and discharging. During 
discharge, the lithium ions move from positive electrode (cathode) to negative electrode (anode) 
through a separator and electrolyte. The cathode will experience reduction or gain of electrons 
while the anode will experience oxidation or loss of electrons. As the electrons moving from 
anode to cathode, a useful power is produced for battery-connected devices.  The reverse 
reaction occurs for charging process. During charging, a voltage is applied across the electrodes 
such that the lithium ion will move back from the cathode to anode, intercalating between the 
graphite layer of the anode. 
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3.1.2. Components of LIB 
As shown in Figure 2, the typical construction of LIBs is 
made of electrodes (cathode and anode), separator, 
electrolyte, current collector, and casing. These 
components can be divided into active and non-active 
components. Active components are those involved with 
the reduction-oxidation (redox) reaction of the battery 
(electrodes), with the rest being non-active components 
are not involved to redox (separator, electrolyte, current 
collector, and casing) [9].  
Electrodes 
The electrodes are the most important LIB component as 
they contain the active components for the Li oxidation and reduction processes. For these 
reactions to occur, it is essential that the electrode materials are porous and have good electrical 
and ionic conductivity [10]. The materials which are commonly used for anode is titanium 
oxides and graphite. These materials are preferred due to exhibiting relatively little structural 
change during intercalation and deintercalation of lithium ions (volume expansion of graphite 
is 11%) [11]. This is important because the minimum structural change result in high stability 
of the anode. However, carbon is more popular due to economic and technical reasons. For the 
cathode, lithium insertion materials such as NMC, LFP, and LCO. are common [9].  
Separator 
The main function of the separator in LIB is to prevent direct contact between the cathode and 
anode. Without the separator, the contact between these electrodes would lead to a short circuit. 
Furthermore, the separator must be porous to ensure the Li migration between the electrodes. 
An effective separator will require pore sizes of <1 µm, thickness of 20 – 25 µm, and porosity 
of 40% to 60% [12].  
Improved performance is exhibited with the use of a tri-layered separator Polypropylene-
Polyethylene-Polypropylene (PP/PE/PP) due to its strength and thermal stability. This layered 
structure also causes the separator to act as thermal fuse protection of LIB [12]. This occurs at 
the time of overheat or overcharge, as PE melts and cause the pores to close, preventing any 
lithium ions to pass through. . For this reason, PP/PE/PP performance is dependent on the low 
melting point of PE and high melting point of PP. However, the thermal fuse function of the 
Figure 2 Component of LIB [9] 
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separator can be enhanced by coating the PP/PE/PP separator with thermoplastic ethylene-ethyl 
acetate copolymer microspheres [12]. 
Electrolyte 
In LIB, electrolyte is a solution composed of the combination of one or more salts which 
dissolved in one or more solvents [9]. The electrolyte plays an important role in making sure 
there is free flow of lithium ions between electrodes to generate electricity. Foremost, the 
electrolyte must be stable and compatible with the electrodes to allow efficient charging and 
discharging. Furthermore, it is essential that the conduction of ions through the electrolyte is 
rapid enough to prevent redox reaction from occurring. Liquid electrolyte typically has high 
ionic conductivity, but relatively low mechanical strength. In contrast, solid and polymer 
electrolytes are more flexible in format (to obtain higher mechanical strength), but has lower 
ionic conductivity [9].  
Electrolyte is involved in the formation of the solid electrolyte interphase (SEI) on the anode 
surface [13]. The formation of SEI layer depends on the electrolyte used in the LIB, therefore 
the composition of electrolyte used is essential for the LIB structure. The most common 
electrolytes solvents used for LIB are ethylene carbonate (EC), dimethyl carbonate (DMC), 
diethyl carbonate (DEC), and ethyl methyl carbonate (EMC) and lithium hexafluorophosphate 
(LiPF6) as the electrolyte salt. Nowadays, some LIBs utilise a mixture of these electrolyte 
solvents to improve optimal performance of the battery [14]. 
Current Collector 
A current collector is used to collect or supply electrons to the electrodes. To do this, it is crucial 
that the current collector has a good electrical conductivity. Hence, it is usually made of copper 
and aluminium as they are known to have high conductivity. Aluminium is commonly used for 
the cathode, while copper is used for the anode [15]. In addition, the current collector also needs 
to be stable especially within the electrochemical environment. It is desirable that the current 
collector does not take part in cell redox reaction [9]. 
Casing 
The casing benefits the battery by limiting outside influence on the cell. This results in cells 
stability as the outside environment prevented from disrupting the battery’s operation. If the 
cells are not protected with a proper casing, it might lead to rupture, leakage or even explosion 
[15]. 
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3.2. Types of LIB Cathode 
Promising outlooks are observed for 
the use of lithium insertion materials 
for LIB cathode. This is due to the fact 
that electrochemical insertion and 
deintercalation are essential for battery 
performance and lithium insertion 
material takes a big part on it. 
Furthermore, good ionic and electronic 
conducting materials are key to faster 
charging and discharging processes. 
Thus, lithium insertion materials such 
as LMO, NMC, LFP, and LCO are 
suitable for better performance of LIB 
[11]. The difference between these 
materials is that each provide a different capacity value and stability for the LIB. In particular, 
NMC and LFP shows the highest potential in its utilisation for LIBs due to capacity and cycling 
stability. 
 
3.2.1. Lithium Nickel Manganese Cobalt (NMC) 
In the crystal structure of NMC (LiNixMnyCo1-x-yO2) crystal structure, the cobalt ions are 
trivalent (Co3+) , whereas manganese ions are tetravalent (Mn4+), and nickel ions are divalent 
(Ni2+). NMC possess a complex structure, especially its cationic order which has purpose to 
minimise strains between the larger (mainly Ni2+) and smaller ions (mainly Mn4+ and Co3+). 
During charging, the Ni2+ are oxidized into trivalent, Ni3+ (stable) and tetravalent state, Ni4+ 
(unstable), whereas Co3+ are oxidised into tetravalent state, Co4+ [11]. In literature, the 
development of NMC materials is to maximise the benefits of each transition metals (Ni, Mn, 
and Co). For example, higher composition of nickel will result in higher capacity, but at cost of 
safety characteristic. On the other hand, high composition of cobalt and manganese shows 
improved cycling and safety characteristic, but at cost of capacity. Therefore, it is suggested 
that an optimum composition of  the three transition metals are used to build NMC to manifest 
every aspect of benefits from each metal [16]. 
Figure 3 Comparison of Charge and Discharge Curve for Each Different 
Cathodes [11] 
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As stated on the previous section, researchers are trying to develop 
higher capacity materials such as LiNi1/2Mn3/2O4. However, after 
testing it, LiNi1/2Mn3/2O4 shows low stability despite having high 
capacity of 230 mAh/g [17]. This low stability is caused by the 
presence of Mn3+ in the structure at charge state. To achieve LIB 
with a stable cell at high capacity, NMC or LiNixMnyCozO2 is one 
of the solutions. The insertion of cobalt transition metal reduces the 
amount of Mn being oxidise to Mn3+ state [9].  
In addition, it must be kept in mind that the composition 
optimisation of NMC is essential for better LIB performance. 
Currently there are several compositions of NMC that are developed and researched. These 
compositions are NMC333, NMC442, NMC532, NMC622, and NMC811. There are a lot more 
variance of NMC composition being researched, but the afore-mentioned are currently the 
common types of NMC for LIB cathodes. A research by Ma, et al. [19] shows that at voltage 
of 4.2 V, the NMC811 has specific capacity of 215 mAh/g, the highest compared to other types 
of NMC. The high Ni content of NMC811 has great contribution to this high capacity. However, 
it also results in lower content of Mn and Co, reducing the stability of the material. From the 
research, it is concluded that the amount of Mn4+ has substantial impact on the thermal stability 
of NMC because it is not electrochemically active [18].   
Equally important is the choice of electrolytes in producing an optimal performance. Genieser, 
et al., conducted an experiment in which different composition of electrolytes with additives 
were used to analyse NMC333 performance. Ethylene carbonate (EC) and ethyl methyl 
carbonate ethyl methyl carbonate (EMC) are used as the main electrolyte in this experiment. 
On the other hand, vinylene carbonate (VC), prop-1-ene-1,3-sultone (PES), 1,5,2,4-dioxa-
dithiane 2,2,4,4-tetraoxide (DTD) and tris-trimethylsilyl-phosphite (TTSPi) are used for 
additives for the electrolytes. This experiment shows that, NMC 333 works the best with 
electrolyte composition of EC: EMC (3:7) with additives of 2% PES, 1% DTD and 1% TTPSi. 
With this electrolyte and additive composition, NMC333 is found to produce the best cycling 
stability at 55°C and capacity loss of about 3.6%. However, after cycling at 80 °C, the battery 
did not experience any crystalline structural changes as predicted [19]. This experiment 
highlights the importance of electrolyte optimisation on battery performance. However, the 
topic of electrolyte optimisation is out of the scope of this thesis project due to lack of systematic 
data that this report covers. 
Figure 4. Crystal Structure of 
NMC [56] 
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3.2.2. Lithium Iron Phosphate (LFP) 
LFP or LiFePO4 has an olivine structure which is made up of FeO6 octahedra and PO4 tetrahedra 
that are linked by corners and edges [11]. The olivine structure is reported by Goodenough and 
co-workers and it is adopted from the orthorhombic space group Pnma in 1990 [17]. In the 
crystal structure of LFP, lithium ions occupy the interstitial void available. An in-situ X-ray is 
able to show two distinct phases on the LFP structure, triphylite and heterosite. 
𝐿𝑖𝐹𝑒𝑃𝑂4 (𝑡𝑟𝑖𝑝ℎ𝑦𝑙𝑖𝑡𝑒)  ↔ 𝐹𝑒𝑃𝑂4 (ℎ𝑒𝑡𝑒𝑟𝑜𝑠𝑖𝑡𝑒) + 𝐿𝑖
+ + 𝑒− 
Initial report on LFP shows poor capability and low utilisation of the battery even at low C-
rates. This is behind the reason of low electrical conductivity of the triphylite and heterosite 
phase. One proposed answer to this problem is the use of carbon coating by inserting carbon 
materials during initial synthesis. This solution brings the beneficial effect of delaying the grain 
growth of the material, producing small particles that allow rapid release of lithium ions [17].  
According to Padhi et al., LiFePO4 and FePO4 have similar structures. The small difference 
between both structures eliminate the possibility of crystal structure damage. Due to the small 
decrease in volume about 6.81% and also the increase in density about 2.59%, the LFP has 
excellent stability [20]. This olivine structure of LFP gives better stability, thus prolonging the 
lifespan of the battery. Nevertheless, LFP still has lower voltage compared to other cathode 
materials. 
With the mechanism and structures complexity of LFP, the material holds its own benefits and 
drawbacks. An optimized LFP can deliver capacity close to the theoretical capacity of about 
170 mAh/g even at higher C-rates which is favourable for LIB performance. Furthermore, LFP 
structure has strong P-O covalent bonds, creating delocalized chemical bond which makes the 
cathode thermally stable even at high temperature of 200 °C [21]. Despite its benefits, LFP still 
has a low working potential which is responsible for the limited energy of LIB.  
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Figure 5 Crystal Structure of (a) LiFePO4 and (b) FePO4 [21] 
To obtain a desirable LIB, a compatible electrolyte and cathode is necessary. LiPF6 is a popular 
salt for the battery’s electrolytes, but its lack of stability results in the formation of hydrofluoric 
acid which accelerate dissolution of iron in the positive electrode. On the contrary, LiODFB 
provides stable SEI films and therefore can compete with other low temperature electrolyte. 
For the electrolyte solvents, EC, EMC and diethyl carbonate (DEC) are most commonly used 
[21]. 
Shavora et al. proved that long term cycle of LFP is more compatible with using Li-imides salts 
as its electrolyte additives. Compared to VC, Li-imides salts such as LitFSI lead to much 
smaller capacity fades of about 2% at 20 °C. With the presence of imide salts, the SEI layer 
produced is also thinner, consist of more LiF and has lower resistance compared to when VC 
is used [22]. This is important because higher resistance of SEI layer will cause slower diffusion 
of lithium ion into the electrodes or out of the electrodes which is unfavourable. 
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3.3. Types of LIB Anode 
The anode of LIB is as significant as the cathode in determining the performance of a battery. 
Many chemical reactions occur in the anode, amongst them is the decomposition of electrolyte 
due to the potential difference produced during lithium insertion. This decomposition can result 
in SEI formation which could lead to battery performance degradation. Furthermore, like the 
positive electrode, anode with high stability must be used in order to ensure battery’s safety. 
 
Figure 6 Comparison of Possible Anode Material for LIB [23] 
3.3.1. Carbon 
Out of many anode materials, carbon is the most widely used material for LIB anode. This is 
due to its low working potential, low cost of carbon, high reversibility, and stability in chemical, 
thermal and electrochemical environment. The most stable type of carbon is graphite. 
Graphite’s redox potential is close to lithium ions, which is the reason behind the stability of 
graphite for LIB anode [24]. Despite its stability, using carbon as anode for LIB also has its 
drawbacks such as for most intercalation of lithium ions, it is resulted by stoichiometry of LiC6 
which has lower energy capacity than the desired ones (372 mAh g-1) and low energy density 
[25]. In some conditions, lithium salt (LiPF6) may also react with moisture and form HF which 
causes surface corrosion of the electrodes. This could result in slow degradation and formation 
of SEI layer on anode. This could be prevented by coating the anode using carbon that act as 
HF corrosive resistance [23]. As continuous intercalation of lithium occurs on the anode during 
charging, the capacity of the LIB will decrease. This is due to volume expansion on the graphite 
anode, occurring especially at higher C-rates. 
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Figure 7 Illustration on Lithium Ion Intercalation Process into and Out of Graphite Anode [24] 
3.3.2. Titanium Oxides 
One of the types of titanium oxides that is used as LIB anode, also one of the best choice of 
anode material, is lithium titanite or LTO (Li4Ti5O12). In LTO, the lithium insertion occurs at a 
much higher potential compared to graphite, thus, reducing the decomposition of the electrolyte 
which could lead to SEI formation. The superiority of LTO is also behind the reason that LTO 
experience low volume expansion (about 0.2%) during charging or discharging [26]. However, 
LTO still has low electric conductivity compared to graphite and during cycling, LTO produces 
gasses (hydrogen and CO2) which leads to loses in capacity which are not preferable for the 
LIB performance [11]. For this reason, LTO will require further research and development 
before it is able to replace graphite as the choice of anode material. 
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3.4. Battery Testing 
In the operation of LIB, the performance of LIB is determined by several factors such as the 
voltage of the battery and current rates. These factors might lead to either greater performance 
of LIB or the degradation of its performance.  
 
3.4.1. Charging and Discharging 
A full cycle of battery operation normally consists of two states which are the charging state 
and discharging state. In a full cell where it is connected to a load, electrons will flow from 
anode to cathode through the load, leading to reduction reaction in the cathode materials and 
oxidisation reactions in the anode. During electron flow, anions (negative ions) and cations 
(positive anions) will be transferred to the anode and cathode respectively [15]. This process is 
what is called as discharging. On the other hand, during charging or recharge state, the electron 
flow is reversed. In charging state, oxidation occurs on the cathode while anode is reduced. This 
means that the anode is now considered as positive electrode while the cathode is the negative 
electrode. The electrochemical operation of discharge and charge are illustrated by Figure 8. 
 
 
Figure 8 Electrochemical Operation of Battery Cell during a) Discharging b) Charging [9] 
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3.4.2. Voltage 
The voltage of the LIB cell is determined by working voltage. This working voltage is the 
difference between chemical potential of the cathode (µ𝐶) and chemical potential of the anode 
(µ𝐴). The working voltage of LIB is also known as the open circuit voltage (OCV) and can be 
determined by the following formula; 
𝐸𝑂𝐶𝑉 =
µ𝐴 − µ𝐶
𝑒
 
Given that e is the value of electronic charge of the battery. The value of this working voltage 
is limited to certain boundaries as shown by Figure 9. The boundaries are separated into two 
factions, the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 
orbital (LUMO).  
 
Figure 9 Relative Energy of the Electrolyte Window [27] 
The selection of electrodes is essential in this case. The anode and cathode must have the value 
such that µ𝐴 is below the LUMO and µ𝐶  is higher than the HOMO line. If these requirements 
are not met, the electrolyte will be reduced on the anode or oxidised on the cathode and result 
in formation of SEI layer [28]. The formation of SEI layer will increase the internal resistance 
of the battery and results in the inability of electrolyte molecules to pass through to the active 
electrode surfaces. This is vital as it could prevent the reaction of the molecules with lithium 
ions and electrons. Additionally, increased degradation of the LIB performance in cycling is 
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observed as SEI layer thickens [13]. Further details on impact of SEI layer will be discussed in 
the degradation mechanism section (Section 3.5). 
In real life application of LIB, internal impedance is a key factor that can cause voltage drop of 
LIB. Internal impedance is the total internal ionic resistance of the cell which includes all 
electrolyte, electrodes, current collector and active masses present [15]. Other major factors are 
the overpotential and polarization at both electrodes. The effect of all the mentioned factors on 
voltage drop is summarised by the formula below. 
𝐸 = 𝐸𝑂𝐶𝑉 − [(𝜂𝑐𝑡)𝑎 + (𝜂𝑐)𝑎] − [(𝜂𝑐𝑡)𝑐 + (𝜂𝑐)𝑐] − 𝑖𝑅𝑖 
Given that: 
• EOCV is electromotive force or open-circuit voltage of cell; 
• (𝜂𝑐𝑡)𝑎,  (𝜂𝑐𝑡)𝑐 are charge-transfer overvoltage at anode and cathode; 
• (𝜂𝑐)𝑎,  (𝜂𝑐)𝑐 are the concentration polarisation at anode and cathode; 
• 𝑖 is the operating current of the cell load; and 
• 𝑅𝑖 is the internal resistance of the cell. 
Figure 10 shows how the cell voltage decreases as a function of current during discharge. 
 
Figure 10 Cell Voltage as a Function of Current Used [9] 
 
3.4.3. Battery Capacity, Energy & Coulombic Efficiency 
Theoretically, the capacity of LIB is usually described as the amount of electric charge a cell 
can deliver under specific condition. For LIB, the capacity depends on the discharging current, 
temperature, cut-off voltage, and the amount and type of active materials used [29]. The 
variation of capacity by different discharge rates can be seen on Figure 11. Besides that, battery 
capacity is also expressed by the total sum of electricity present in the electrochemical reaction 
17 | P a g e  
 
occurring in the cell [15] and is usually defined in ampere-hour (Ah). Understanding the 
definition of capacity, it is noticed that a smaller cell will have lower capacity as it has a lower 
amount of active materials. However, the small cell size does not have an impact on the battery 
operating voltage [9]. Besides in ampere-hour, capacity can also be written as specific capacity 
(mAh/g or Ah/kg) which is derived from Faraday’s law: 
𝑄𝑡ℎ =
𝑛𝐹
𝑀𝑤
 
Given that, Qth is the theoretical battery capacity, F is Faraday’s constant, n is the number of 
electrons transferred from one electrode to another, and Mw is the molecular weight of the active 
material taking place in the electrochemical reaction. 
The energy of the battery refers to how much work the battery can deliver until it reaches the 
cut off voltage, it is also considered as the highest value that a battery can deliver. In a charging 
and discharging curve (Figure 11), the total energy of battery corresponds to the area under the 
discharge curve [9]. The energy of LIB is usually defined in watthour and is calculated as the 
product of the battery capacity and the discharge voltage of the battery [29] as shown in the 
equation below.  
𝑊𝑎𝑡𝑡ℎ𝑜𝑢𝑟(𝑊ℎ) = 𝑣𝑜𝑙𝑡𝑎𝑔𝑒(𝑉) × 𝑎𝑚𝑝𝑒𝑟𝑒ℎ𝑜𝑢𝑟(𝐴ℎ) 
In an ideal electrochemical cell, the cycling efficiency is specified as the Coulombic efficiency. 
Coulombic efficiency of a battery can be defined as the ratio between the total charge 
transferred during discharging (Qdis) over the total charge transferred during charging (Qcha) [9]. 
𝜂𝑐𝑜𝑢𝑙𝑜𝑚𝑏𝑖𝑐 =
𝑄𝑑𝑖𝑠
𝑄𝑐ℎ𝑎
 
According to Yang et al., 2018, the coulombic efficiency of a battery is directly correlated to 
the battery cycle life. High Coulombic efficiency indicated that the battery has a long cycle life. 
It is found that the coulombic efficiency is closely related to the degradation mechanism of LIB 
and can be utilised to predict the degradation rate of a battery [30]. 
 
3.4.4. Current Rates 
Current rates or C-rates define the discharge rate of a battery and the current density which 
indicates the number of lithium ions that is moving between electrodes at a certain speed. At a 
higher C-rate, typically LIB capacity is lower, and the battery undergoes faster degradation. A 
rate of 1C means that LIB battery charge and discharge at a current which correspond to the 
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capacity of battery. If a battery has 0.1C rate, it means that the battery has a discharging time 
10 times slower compared to a battery with 1C-rates [31]. 
Different C-rates will have impact on the LIB capacity during cycling. High C-rates will result 
in lower number of lithium ion available for the insertion to each electrode. It is because of high 
number of lithium ion transferred to the opposite electrodes, causing congestion for the lithium 
insertion [9]. At higher C-rates, slower lithium ions diffusion rate from electrolyte to electrode 
will cause a higher concentration gradient between them leading to overpotentials and 
encouraging battery degradation. In addition, if high C-rates is used during charging, it will be 
faster for the cell to reach the upper cut-off voltage. Consequently, lower LIB capacity will be 
obtained. On the other hand, high C-rates during discharge will cause the cell to reach lower 
cut-off voltage faster, resulting in capacity fade to be apparent [9]. As shown on Figure 11, 
higher value of C-rates will have faster capacity depletion. Additionally, high C-rates will cause 
strain in the electrodes, initiating crack of SEI and both active electrodes material [9]. 
In contrast with the high C-rates condition, lower C-rates provide stable and fast diffusion of 
lithium ions from the electrolytes to each electrode. This prevents the build-up of concentration 
gradient in the electrolyte [9]. With low C-rates, it is assumed that the capacity of LIB will be 
maintained. However, in real situation other factors such as temperature, number of operating 
cycle and type of electrodes used will also have impact on the battery capacity. 
 
Figure 11 Charge and Discharge Curve Comparison for LIB [32] 
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3.4.5. Temperature 
Operating temperature is also one of the main factors that could affect the performance of the 
battery. Similar to C-rates, high temperature will also speed up the degradation of LIB 
performance. However, unlike lower C-rates that are capable to maintain battery capacity, 
extremely low temperature will also increase the degradation of the battery. These operating 
temperatures are affected by both the internal and external condition of the battery. Therefore, 
both the condition of LIB and its surrounding are essential for the battery to perform optimally. 
In a situation where LIB operates at high operating temperature, it is found that there will be 
more loss of active materials and lithium ions. Predominantly, higher temperature will create 
higher activation energy of the particles in LIB. This high activation energy introduces faster 
reaction inside the battery, including the unwanted chemical reaction [9]. At a certain point, the 
increased in temperature is desirable as it increase power capability and energy output. 
However, the long-term exposure of high temperature will result in the build-up of the 
unwanted reactions such as the formation and thickening of SEI layer. In short, high 
temperature is also able to accelerate the degradation mechanism of LIB. Moreover, the 
presence of high temperature in the LIB operating condition could trigger the de-orientation of 
both electrodes structure [9]. This phenomenon will change some of the active sites for lithium 
intercalation in the electrodes leading to less diffusion of lithium ions into the electrodes, 
decreasing battery capacity limit. Figure 12 shows how increasing temperature will have effect 
on the battery cycling capacity. 
 
Figure 12 Effect of Temperature on LCO type LIB Cycling Capacity [33] 
As previously stated, extremely low temperature is also the cause of an increase of LIB 
degradation. Using lower temperature, however, will result in the diffusion of lithium ions 
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becoming too slow, thus initiating lithium plating. The other disadvantage of low temperature 
is that it will affect the property of the battery electrolyte. By using lower temperature, the 
viscosity of the electrolyte will rise thus reducing the conductivity of lithium ions [33]. 
Therefore, it is preferable for the cell durability that the temperature is kept in the range of 25 
– 35 °C, as it is found to be the optimal temperature range for most LIB.  
 
Figure 13 Illustration of the Optimal Temperature Range of LIB with Respect of Durability [9] 
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3.5. Major Degradation of LIB 
Active degradation of LIB has become the major concern for many of its users in the world. 
Besides affecting the capacity of LIB, degradation of the battery also introduces safety issue of 
the LIB. There are 3 types of degradation mechanism:  Loss of Lithium Inventory (LLI), Loss 
of Active Material of Negative Electrode (LAMNE) and Loss of Active Material of Positive 
Electrode (LAMPE) [34]. LLI is usually caused by the formation and decomposition of SEI 
layer, whereas LAMNE and LAMPE are usually the result of particle cracking and volume 
expansion of the electrodes. Figure 14 shows the different degradation mechanisms that could 
occur in LIB during cycling.  
 
 
Figure 14 Degradation Mechanism in Li-ion cells [34] 
The main degradation mechanisms are usually observed from decrease in battery capacity, 
increase of self-discharge rate and decrease in power. From all of the degradation mechanism 
shown in the figure, the major degradations of LIB during cycling are solid electrolyte 
interphase (SEI) formation and decomposition, volume expansion and particle cracking, and 
dendrite formation. 
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3.5.1. SEI Layer Formation and Decomposition 
SEI layer formation is one example of LLI degradation mechanism of LIB. During lithium 
insertion into the graphene layer of the anode, µ𝐴 falls above the LUMO energy. As previously 
stated, this results in the decomposition of electrolyte. The decomposed products will react to 
some lithium ions and electrons to form solid insoluble layer on the anode [24]. This layer is 
called the SEI layer. As generally known, lithium ions are carried by a solvation spheres in the 
electrolyte. Occasionally, during the intercalation of lithium ions, these solvation spheres are 
also intercalated in the graphene layer and leads to the de-structuring of the graphene layer. 
This phenomenon is also known as exfoliation [11]. In recent studies, a suitable choice of 
electrolyte is used such as ethylene carbonate (EC) or propylene carbonate (PC). This mixture 
of electrolyte enables the  
formation of impermeable SEI layer which can avoid the co-intercalation process. 
 
Figure 15 Graphene Exfoliation Process and SEI Layer Protective Function [11] 
SEI layer has a possibility to thicken during each charge and discharge cycle. This is due to two 
things: electron exposure to electrolyte and some electrolyte molecule penetrating through to 
the anode surface. It is unfavourable when the SEI layer become thicker as it increases the 
internal resistance of the battery. Additionally, the continuous thickening of SEI layer consumes 
more lithium ions, thus decreasing the number of lithium ions available for the cycle. This could 
result in degrading of LIB capacity and coulombic efficiency [24]. Hence, researchers are 
currently developing the improved mixture of electrolyte to prevent this SEI growth. 
Furthermore, the SEI layer has the probability to crack during cycling, leaving the active 
material surface exposed to the electrolytes. As a result, new formation of SEI layer will happen 
and more lithium ions will be consumed. This means there will be higher LLI and decreasing 
number of cyclable lithium, which leads to further decreasing in the capacity of the battery [9]. 
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3.5.2. Volume Expansion and Particle Cracking 
Volume expansion is one example of degradation mechanism of LIB which cause a change in 
bulk materials, especially in graphite. During the charging and discharging cycle, the graphite 
structure contract and expand due to the intercalation and deintercalation of lithium ions. This 
introduce mechanical stress to the carbon-carbon bond. The worst case is when cracking on the 
graphene layer can be observed [9]. Volume expansion can also cause cracking of the SEI layer  
initiate formation of new SEI layer. Thus, less lithium ions will be available for the battery 
cycle. This particle cracking could also occur on the cathode side and result in an increase of 
resistance. The effect of particle cracking might worsen by introducing the LIB to higher C-
rates, resulting in higher LAMNE and LAMPE. Moreover, particle cracking mainly causes 
cathode to undergo structural change. These structural changes could have impact in de-
orientation of lithium-ion active site, thus reducing the number of lithium ions that can diffused 
in. This phenomenon will adversely impact the battery’s capacity fade and loss in 
electrochemical performance [9]. 
 
3.5.3. Dendrite Formation 
Apart from SEI formation and particle cracking, the formation of dendrites and the growth of 
dendrites itself are also considered the critical degradation mechanism. These phenomena are 
amongst the obstacles that could prevent lithium ion battery to reach its highest capacity [35]. 
Lithium dendrite is a needle-like structure that is formed by the accumulation of lithium plated 
on the electrode surface. There are several factors that causes lithium dendrite formation, one 
of those factors being temperature. At low temperature, the kinetics of the cell will decrease 
and resulting to very slow diffusion of lithium ions to anode, slower than the electrical energy 
transferred. As a consequence, lithium ions will be plated to the polarised anode instead [9]. In 
the long run, the formation of lithium plate in electrode surface will induce the growth of spinel-
structure dendrite. As shown in Figure 16, as the battery cycling continues, the lithium dendrites 
continue to grow. At some point, the lithium dendrite will start penetrating through the separator 
to reach the cathode, causing internal short circuit [36]. In the worst case, this short circuit might 
initiate internal thermal reaction or explosion. 
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Figure 16 Dendrite Growth in LIB [36] 
The process of dendrite formation consumes cyclable lithium ions, decreasing the battery 
capacity. Unlike the formation SEI layer, lithium plating is a reversible process as lithium 
dendrite can be oxidised again into cyclable lithium ions. However, this will cause overpotential 
which unfavourable for battery operating condition [9]. 
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4. Data Collection and Analysis 
The following section presents the data collected in order to understand the effect of different 
condition on battery performance. This section will focus on the NMC and LFP battery data 
when exposed to different operating temperature and C-rates. The full data of degradation can 
be looked up on Appendix A. 
 
4.1. Effect of C-Rates on Initial Capacity of NMC and LFP 
As previously discussed, the value of C-rates used for battery operation determines the initial 
capacity of a battery. This section will prove the theory on how different C-rates affect a 
battery’s initial capacity.  
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Figure 17 Effect of C-Rates on NMC and LFP Initial Capacity 
Figure 17 shows that the initial capacity of NMC and LFP decreases as the C-rate increases. 
Higher C-rates will cause the battery to reach the cut-off voltage faster and a lower battery 
capacity will be obtained. This is clearly illustrated by Figure 11 where battery with higher C-
rates will stop charging at lower capacity. 
In addition, Figure 17 also emphasize on the different initial capacities of NMC and LFP. The 
graph reveals that NMC has an initial capacity of 171.8 mAh g-1 which is higher than LFP ‘s 
initial capacity of 135 mAh g-1 when operated at 1C. The superior battery capacity of NMC to 
LFP can be explained by the structure of the NMC itself. The battery that is used in the graph 
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is NMC811 where the battery has much higher nickel content compared to cobalt and 
manganese. As discussed in section 3.2.1, the composition of Ni in NMC contributes to the 
battery capacity. Higher Ni content will result in higher capacity, but with the price of the 
battery safety as there will be more Ni4+ formed during charging. 
 
4.2. Effect of C-Rates on Capacity Degradation of NMC and LFP 
Apart from affecting initial capacity of LIB, different C-rates used also affect the capacity 
degradation of the battery during cycling operation. The following graphs shows the effect of 
changing C-rates on percentage capacity degradation over a cycle.  
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Figure 18 Effect of C-Rates on NMC's Capacity Degradation 
 
Figure 19 Effect of C-Rates on LFP's Capacity Degradation at a) T= 25 - 30 °C b) T= 40 - 45 °C 
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Generally, Figure 18 and Figure 19 highlight how increasing C-rates increases the capacity fade 
of LIB. As reviewed in section 3.4.4, increasing the C-rates makes diffusion of lithium during 
intercalation process relatively slower than the movement of lithium ions through the separator 
and results in congestion for lithium insertion. A large number of lithium ions near the electrode 
surface could will also result in a high concentration gradient to develop near the electrode 
surface and lead to overpotential. These overpotential then initiate the decomposition of 
electrolyte, thus, starting the formation of SEI on the electrode surface. From Section 3.5.1, it 
is known that the formation of SEI is one of the reasons of loss of cyclable lithium ions. More 
loss of cyclable lithium-ions means that the battery will have lower capacity with each passing 
time. Aside from that, high C-rates could also lead to cracking of SEI layer, which initiate the 
formation of SEI layer which consume more lithium ions. On the other hand, lower C-rate give 
more time for diffusion of lithium during intercalation, preventing concentration gradient to 
build up, thus maintaining the capacity of LIB. 
Figure 18 illustrates how different values of C-rates will affect the degradation of NMC. 
NMC811 has an increase of 38.6% in its capacity degradation as C-rate is increased from 0.5C 
to 2C. Moreover, NMC811 has the highest capacity degradation compared to other types of 
NMC (0.27%/cycle at 2C). It is because the high composition of nickel in the structure of NMC 
cathode. Larger value of nickel will lead to higher number of unstable tetravalent nickel to be 
formed, resulting in more unwanted reactions to occur. Aside from high nickel composition, 
the high degradation of NMC811 is also caused by low ratio of manganese and cobalt as it gives 
low safety characteristic or low stability of the battery. The low stability affects the battery by 
lowering the battery’s resistance to degradation, thus higher degradation occurs. 
Moreover, Figure 19 shows how the C-rates affects the degradation of LFP battery. The graph 
shows the exact same trend with the previous graph. LFP shows an increase in the rate of 
capacity degradation about 900% when subjected to a temperature range between 25 - 30 °C 
with an increase of C-rate from 1C to 3C. However, compared to NMC, LFP has much lower 
capacity degradation (0.02%/cycle at 2C). This is caused by the high stability of olivine LFP 
structure. As explained in Section 3.2.2, the small structural change of LFP during intercalation 
and de-intercalation results in high resistance of the battery to degradation. Therefore, LFP 
shows lower degradation compared to NMC due to their difference in stability. 
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4.3. Effect of Temperature on Capacity Degradation of NMC and LFP 
Aside from C-rates, temperature is also a critical factor of LIB’s capacity fade. The below 
graphs show how temperature could affect the cycling capacity degradation of NMC and LFP. 
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Figure 20 Effect of Temperature on NMC's Capacity Degradation at 0.5C 
 
Figure 21 Effect of Temperature on NMC's Capacity Degradation at a) 1C b) 3C 
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Figure 20 and Figure 21 establish the theory that higher temperature will cause higher 
degradation of the battery capacity. In general, at high temperature, there will be faster reaction 
occurring in the battery. One such reaction is that the formation of SEI layer that definitely 
induce the capacity fade. Besides that, the increase of temperature also speeds up the wearing 
down of SEI layer, thus more lithium ions are consumed to repair the protective layer. Higher 
loss of cyclable lithium-ions means lower cycling capacity of the battery. Even though no data 
exists for degradation at extremely low temperature, it can be expected from the known trends 
that there will be increase of degradation. This is behind the reason that at low temperature, 
there will be less activation energy, making the diffusion of lithium ion slower compared to 
electrical energy transferred. As a result, rather than being diffused into the graphene layers, 
lithium is plated on the electrode surface instead, increasing the resistance of the cell [9]. The 
phenomenon can also be considered as LLI and lowers the cycling capacity of LIB. 
Figure 20 shows how increasing the temperature will have an increase in degradation of NMC. 
From the graph, NMC capacity degradation rate is seen to have an average increase about 92% 
as the operating temperature is increased from 25 °C to 55 °C. The graph clearly illustrates that 
NMC811 still has the highest capacity degradation rate among other types of NMC (about 
0.2%/cycle at T = 25 °C and 0.3%/cycle at T = 55 °C). This is an additional proof that increasing 
the composition of nickel and lowering the composition of manganese and cobalt in NMC 
structure will cause decay in the LIB stability, reducing its resistance to performance 
degradation.  
Subsequently, Figure 21 follows the same trend as Figure 20 and shows that the increase of 
LFP operating temperature will increase the rate of degradation of the battery. From Figure 21a, 
LFP degradation rate has an increase of about 1263% when the operating temperature of the 
battery is raised from 20 °C to 60 °C. Despite the significant increase of LFP degradation rate, 
Figure 16a) shows that at 60 °C, LFP has a capacity degradation rate of 0.148%/cycle. 
Therefore, even at high temperature of 60 °C, the capacity degradation of LFP is still lower than 
the capacity degradation of NMC at 55 °C. 
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5. Discussion 
From the observation of Figure 17, NMC has higher initial battery capacity compared to LFP 
battery. As elucidated on this report, the reason behind the high capacity of NMC is the 
composition of nickel in the NMC structure. Furthermore, in condition where the C-rates used 
are raised, the initial battery capacity of both LFP and NMC will decrease due to limitation of 
LIB battery capacity reach.  Moreover, despite the high capacity of NMC, when high C-rates is 
utilised in the operation, NMC will show a higher degradation when compared to LFP. As 
explained in the previous section, the stability of the battery is directly related to LIB 
degradation. In this case, the olivine structure of LFP results in superior stability compared to 
NMC. If we look at the data that have been gathered, change in temperature has  higher increase 
in degradation rate of LIB capacity. Thus, assuming only C-rates and temperature are varied, 
effect of change in temperature will be more dominant compared to change in C-rates. 
Taking a look at the previous section, the degradation mechanism of NMC and LFP is 
significantly affected by different values of C-rates and Temperature. The two parameters have 
a similar regarding LIB degradation. For high C-rates, the increase in degradation is mostly in 
consequence of the local overpotential in the electrolyte which leads to various effects. One 
example is that the initiation of SEI layer and the thickening of the layer, specifically the 
increasing consumption of cyclable lithium ions.  
In reference of Section 3.5, the loss of cyclable lithium ions will bring about the degradation of 
the LIB capacity. On the other hand, it is proven that the use of lower C-rates is capable to 
maintain the LIB battery capacity. It is realised that the high operating temperature is also 
related to the increasing formation of SEI layer. However, the high temperature itself also 
impacts the de-orientation of negative and positive electrodes, as well as SEI layer which also 
induce the degradation of LIB.  
The changing structure of electrodes will consequently change some active sites for lithium ion 
to diffuse in, limiting the number of occurring intercalations. Besides that, high temperature 
also introduce wear and initiate the breakdown of SEI layer. This result in SEI layer requiring 
repairs and more consumption of lithium ions. Extremely low temperature is also a factor that 
could speed up battery degradation. By having extremely low temperatures, lithium plating can 
occur. Therefore, both temperature and C-rates are essential for optimal LIB performance. 
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Due to the high stability of LFP, it is expected that this type of battery is suitable to be used for 
frequency regulation storage as the system usually utilises high C-rates to operate. On the other 
hand, NMC that has lower stability than LFP are preferably to be used as stationary energy 
storage, where low C-rate is used. This is also backed by the high capacity of NMC, especially 
NMC811. In Australia, where the mean temperature is 30 °C, NMC and LFP are expected to 
be performing optimally.  
The predicted performance of NMC811, NMC333, and LFP can be predicted by the formula 
below. 
𝐹𝑖𝑛𝑎𝑙 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 × (𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑦𝑐𝑙𝑒𝑠 × 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒) 
Assuming that all three batteries are performing in the same condition, the number of cycles for 
the batteries to run-out (final capacity equals to zero) can be calculated. 
Table 1 Data of Calculation for Number of Cycles to Reach Runout for LFP, NMC333, and NMC811 
Battery Initial Capacity 
(mAh g-1) 
Final Capacity 
(mAh g-1) 
Degradation 
Rate (%/cycle) 
Number of 
Cycles 
LFP 135 0 0.0053 18906 
NMC333 171.8 0 0.21 475 
NMC811 171 0 0.09 1111 
 
As shown by the calculation result, LFP has the highest cycle before reaching runout. Therefore, 
LFP is more suitable to be used for a high-cycling system in Australia.  
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6. Conclusion and Recommendation 
Both NMC and LFP have a superior capacity and cycling stability compared to other cathode 
materials for LIB. However, they have distinct benefits and drawbacks. This thesis project 
examines how these differences of NMC and LFP could affect their use for various grid usage. 
The outcomes of this project are briefly explained below: 
a) Operating C-rates of LIB have dramatic impact on the initial capacity of NMC and LFP. 
The increase of C-rates will decrease the initial capacity of both types of LIB. 
b) In condition where higher C-rate is used for battery operation, LIB will have higher 
degradation rate. Similarly, higher operating temperature will also result in higher 
degradation rate of the battery. 
c) Among all degradation mechanisms, SEI formation, dendrite formation, and particle 
cracking are the major degradation mechanisms. However, SEI formation is the most 
critical as the process is closely related to the two factors of LIB degradation which are 
temperature and C-rates. 
d) For usage in grid, NMC is more suitable to be used in stationary energy storage system 
where high energy stored is the system primary concern. 
e) On the other hand, LFP is more suitable to be used in frequency regulation as LFP has 
excellent stability to withstand higher C-rates. 
f) Between LFP, NMC811, and NMC333, LFP shows the best ability to be used in high 
cycling system, despite providing a lower capacity compared to NMC811 and NMC333. 
For improvement of this project, the following recommendations are provided in consideration 
of eliminating the limitations of this thesis in the future. 
a) This report only assume that other parameters are the same for every battery and only 
considers the effect of temperature and C-rates of LIB degradation. It is important to 
explore the effect of different battery condition used, such as type of electrolyte used 
and the type of anode used, as well as the battery operating voltage. 
b) Explore different degradation mechanism of LIBs to understand more about what factor 
is affecting the performance of the battery. 
c) Further research on various use of grids, including their operating mechanisms are 
required to understand the necessary qualification needed for choosing the suitable type 
of LIB needed to be used for the system. 
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Appendix A: Degradation Data of NMC and LFP 
Table 2 Degradation Data of NMC and LFP 
No. Cathode Anode Electrolyte C-Rate T (°C) 
Initial 
Capacity 
(Ah) 
Final 
Capacity 
(Ah) 
Capacity 
Fade 
(%) 
Cycle 
Degradation 
Degradation 
Mechanism 
References 10^-3 
Ah/Cycle 
%/Cycle 
1 
LiFePO4 
(LFP) 
Graphite 
LiClO4 in 
EC-DME 
3 45 1.6 0.7 56.25 600 1.50 0.09 
Loss of cyclable 
lithium due to 
SEI layer 
growth 
[37] 
2 
LiFePO4 
(LFP) 
Graphite 
LiClO4 in 
EC-DME 
3 -10 16.4 9.8 40.24 600 11.00 0.07 
Loss of cyclable 
lithium due to 
SEI layer 
growth 
[37] 
3 
LiFePO4 
(LFP) 
Graphite 
LiPF6 in EC-
DME 
1 25 2.3 1.8 21.74 4110 0.12 0.01 
Loss of cyclable 
lithium 
[38] 
4 
LiFePO4 
(LFP) 
Graphite 
LiPF6 in EC-
DME 
1 45 2.3 1.3 43.48 4573 0.22 0.01 
Loss of cyclable 
lithium with 
slight loss of 
graphite active 
material 
[38] 
5 
LiFePO4 
(LFP) 
Graphite 
LiPF6 in EC-
DMC 
1 25 1.06 1 5.66 5 12.00 1.13 
Loss of cyclable 
lithium 
[39] 
6 
LiFePO4 
(LFP) 
Graphite 
LiPF6 in EC-
DMC 
1 40 1.06 0.92 13.21 5 28.00 2.64 
Loss of cyclable 
lithium and 
platting 
occurred 
[39] 
7 
LiFePO4 
(LFP) 
Graphite LiPF6 in EC-
DMC 
1 55 1.06 0.75 29.25 5 62.00 5.85 
Loss of cyclable 
lithium and SEI 
layer growth 
[39] 
8 
LiFePO4 
(LFP) 
C6 
LiPF6 in 
solution 
1 20 2.3 2.2 4.35 400 0.25 0.01 
Loss of cyclable 
lithium 
[40] 
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` 
LiFePO4 
(LFP) 
C6 LiPF6 in 
solution 
1 40 2.3 2.15 6.52 300 0.50 0.02 
Loss of cyclable 
lithium and SEI 
layer growth 
[40] 
10 
LiFePO4 
(LFP) 
C6 
LiPF6 in 
solution 
1 60 0.9 0.5 44.44 300 1.33 0.15 
Gas generation 
occurred 
[40] 
11  
LiFePO4 
(LFP) 
Graphite 
LiPF6 in 
solution 
1 30 2.3 2.15 6.52 500 0.30 0.01 
Loss of cyclable 
lithium due to 
SEI layer 
growth 
[41] 
 12 
LiFePO4 
(LFP) 
Graphite 
LiPF6 in 
solution 
1 45 2.25 2.06 8.44 500 0.38 0.02 
Loss of cyclable 
lithium due to 
SEI layer 
growth 
[41] 
 13 
LiFePO4 
(LFP) 
Graphite 
LiPF6 in 
solution 
1 60 2.25 1.95 13.33 500 0.60 0.03 
Loss of cyclable 
lithium due to 
SEI layer 
growth 
[41] 
 14 
LiFePO4 
(LFP) 
Graphite 
LiPF6 in 
solution 
2 25 2.3 2.08 9.57 500 0.44 0.02 
Loss of cyclable 
lithium due to 
SEI layer 
growth 
[41] 
 15 
LiFePO4 
(LFP) 
Graphite 
LiPF6 in 
solution 
2 25 2.3 2.25 2 350 0.13 0.01 
Loss of cyclable 
lithium 
[42] 
 16 
LiFePO4 
(LFP) 
Graphite 
LiPF6 in 
mixture of 
DEC and EC 
3 25 101.99* 71.02* 30.37 300   0.10 
LFP material 
expansion/cont
raction 
[43] 
 17 
LiFePO4 
(LFP) 
Graphite 
LiPF6 in 
mixture of 
DEC and EC 
3 55 148.02* 55.96* 62.19 300   0.21 
LFP material 
expansion/cont
raction 
[43] 
18 
LiNiMnCoO2 
(NMC) 
Graphite 
Solution of 
LiPF6 
1 45 4 3.2 20 100 8 0.2 
Increase 
amounts of 
lithium platting 
occurred 
during cycling 
[44] 
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19 
LiNiMnCoO2 
(NMC) 
Graphite 
Solution of 
LiPF6 
1 65 4 2 50 100 20 0.5 
Growth of thick 
and more 
resistive SEI 
layer on 
graphite 
electrodes 
[44] 
20 
LiNiMnCoO2 
(NMC333) 
Graphite 
LiPF6 in EC-
EMC 
0.33 80 1.2 0.005 99.58 100 11.95 1.00 
Large 
resistance 
increases with 
the growth, 
dominantly 
cathode 
related 
[45] 
21 
LiNiMnCoO2 
(NMC333) 
Graphite 
LiPF6 in 
organic 
solution 
2 10 1.2 0.95 20.83 4500 0.056 0.0046 
Loss of cyclable 
lithium due to 
SEI layer 
growth 
[46] 
22 
LiNiMnCoO2 
(NMC333) 
Graphite 
LiPF6 in 
organic 
solution 
2 34 1.5 1.3 13.33 5000 0.04 0.0027 
Loss of cyclable 
lithium  
[46] 
23 
LiNiMnCoO2 
(NMC333) 
Graphite 
LiPF6 in 
organic 
solution 
2 46 0.85 0.6 29.41 2000 0.13 0.0147 
Loss of cyclable 
lithium and loss 
of active 
material 
[46] 
24 
LiNiMnCoO2 
(NMC333) 
Graphite 
LiPF6 in DC-
DMC 
1 30 1.6 1.4 12.5 100 2 0.125   [47] 
 25 
LiNiMnCoO2 
(NMC622) 
Graphite LiPF6 in EC-
EMC + 2 
wt% VC 
1 40 3.15 2.9 7.94 500 0.5 0.0159 
Loss of lithium 
inventory due 
to growth of 
SEI and lithium 
plating 
[48] 
26  
LiNiMnCoO2 
(NMC622) 
Graphite 
LiPF6 in EC-
EMC + 2 
wt% VC 
1 25 3.13 2.85 8.95 500 0.56 0.018 
Loss of lithium 
inventory due 
to growth of 
[48] 
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SEI and lithium 
plating 
27  
LiNiMnCoO2 
(NMC622) 
Graphite LiPF6 in EC-
EMC + 2 
wt% VC 
1 0 2.13 1.95 8.45 500 0.36 0.017 
Loss of lithium 
inventory due 
to growth of 
SEI and lithium 
plating 
[48] 
28  
LiNiMnCoO2 
(NMC622) 
Graphite LiPF6 in EC-
EMC + 2 
wt% VC 
1 -10 1.35 1.3 3.70 500 0.1 0.0074 
Loss of lithium 
inventory due 
to growth of 
SEI and lithium 
plating 
[48] 
29  
LiNiMnCoO2 
(NMC532) 
Graphite 
LiPF6 in EC-
DEC-DMC 
0.33 25 191.2* 166.9* 12.71 100   0.13 
Formation of 
unstable SEI 
layer due to 
catalytic 
activity of Ni4+ 
[49] 
 30 
LiNiMnCoO2 
(NMC532) 
Graphite 
LiPF6 in EC-
DEC-DMC 
0.33 55 173.3* 133.4* 23.02 100   0.23 
Formation of 
unstable SEI 
layer due to 
catalytic 
activity of Ni4+ 
[49] 
31  
LiNiMnCoO2 
(NMC532) 
Lithium 
metal LiPF6 in EC-
DMC-EMC 
1 25 186.6* 138.3* 25.88 100   0.26 
Reduction of 
coulomb 
efficiency due 
to erratic Ni4+ 
[50] 
32  
LiNiMnCoO2 
(NMC811) 
Lithium 
metal 
LiPF6 in 
DMC-EC-
DEC 
1 25 171.8* 135.6* 21.07 100   0.21   [51] 
33  
LiNiMnCoO2 
(NMC811) 
Lithium 
metal 
LiPF6 in 
DMC-EC-
DEC 
2 25 163.8* 119.4* 27.11 100   0.27   [51] 
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 34 
LiNiMnCoO2 
(NMC811) 
Lithium 
metal 
LiPF6 in 
DMC-EC-
DEC 
5 25 147.1* 95.76* 34.90 100   0.35   [51] 
 35 
LiNiMnCoO2 
(NMC333) 
Lithium 
metal 
LiPF6 in EC-
DEC 
1 25 171* 155.61* 9 100   0.09   [52] 
 36 
LiNiMnCoO2 
(NMC333) 
Lithium 
metal 
LiPF6 in EC-
DEC 
1 55 149* 105* 29.53 100   0.30   [52] 
 37 
LiNiMnCoO2 
(NMC532) 
Graphite 
LiPF6 in EC-
DMC-EMC 
0.2 25 2.03 0.82 59.61 500 2.42 0.119 
Loss of cyclable 
lithium due to 
SEI layer 
formation 
[53] 
 38 
LiNiMnCoO2 
(NMC532) 
Graphite 
LiPF6 in EC-
DMC-EMC 
1 25 1.9 0.37 80.53 500 3.06 0.16 
Loss of cyclable 
lithium due to 
SEI layer 
formation 
[53] 
 39 
LiNiMnCoO2 
(NMC333) 
Lithium 
metal 
LiPF6 in EC-
DEC 
0.5 25 145 140 3.45 100   0.034   [54] 
 40 
LiNiMnCoO2 
(NMC333) 
Lithium 
metal 
LiPF6 in EC-
DEC 
0.5 55 162.3* 150* 7.58 100   0.076   [54] 
 41 
LiNiMnCoO2 
(NMC532) 
Lithium 
metal 
LiPF6 in EC-
DEC 
0.5 25 165.4* 156.8* 5.20 100   0.052   [54] 
 42 
LiNiMnCoO2 
(NMC532) 
Lithium 
metal 
LiPF6 in EC-
DEC 
0.5 55 176.6* 158.9* 10.02 100   0.10   [54] 
 43 
LiNiMnCoO2 
(NMC622) 
Lithium 
metal 
LiPF6 in EC-
DEC 
0.5 25 172.1* 159.5* 7.32 100   0.073   [54] 
 44 
LiNiMnCoO2 
(NMC622) 
Lithium 
metal 
LiPF6 in EC-
DEC 
0.5 55 184.3* 156.84* 14.90 100   0.15   [54] 
 45 
LiNiMnCoO2 
(NMC811) 
Lithium 
metal 
LiPF6 in EC-
DEC 
0.5 25 192.8* 155.1* 19.55 100   0.20   [54] 
 46 
LiNiMnCoO2 
(NMC811) 
Lithium 
metal 
LiPF6 in EC-
DEC 
0.5 55 205.8* 144.47* 29.80 100   0.30   [54] 
*Cells in green have units of mAh g-1 
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Appendix B: Data of Initial Capacity of NMC811 and LFP 
No. Cathode Anode Electrolyte C-Rate T (°C) 
Initial 
Capacity 
(mAh/g) 
References 
1 
LiFePO4 
(LFP) 
Graphite 
LiPF6 in 
mixture of 
DEC and EC 
0.2 25 150 [43] 
2 
LiFePO4 
(LFP) 
Graphite 
LiPF6 in 
mixture of 
DEC and EC 
1 25 135 [43] 
3 
LiFePO4 
(LFP) 
Graphite 
LiPF6 in 
mixture of 
DEC and EC 
10 25 90 [43] 
4 
LiNiMnCoO2 
(NMC811) 
Lithium 
metal 
LiPF6 in 
DMC-EC-
DEC 
1 25 171.8 [51] 
5 
LiNiMnCoO2 
(NMC811) 
Lithium 
metal 
LiPF6 in 
DMC-EC-
DEC 
2 25 163.8 [51] 
6 
LiNiMnCoO2 
(NMC811) 
Lithium 
metal 
LiPF6 in 
DMC-EC-
DEC 
5 25 147.1 [51] 
Table 3 Data of Initial Capacity of NMC811 and LFP 
